Green tea, prepared from the leaves of Camellia sinensis L., is a beverage that is popular worldwide. Polyphenols in green tea have been receiving much attention as potential compounds for the maintenance of human health due to their varied biological activity and low toxicity. In particular, the contribution of antioxidant activity to the prevention of diseases caused by oxidative stress has been focused upon. Therefore, in this study, we investigated the effects of (−)-epigallocatechin 3-O-gallate and (−)-epigallocatechin 3-O-gallate, which account for a large fraction of the components of green tea polyphenol, on oxidative stressrelated renal disease. Our observations suggest that green tea polyphenols have a beneficial effect on pathological states related to oxidative stress of the kidney.
Background
Clinical and experimental studies have resulted in extensive discussions of the link between renal disease and oxidative stress, which is directly or indirectly derived from various pathological conditions such as hyperglycemia, free radicalgenerating toxic substances, and inflammation. The free radicals are highly reactive and harmful to lipids, proteins, and nucleic acids, resulting in structural and functional impairment. Increased levels of endproducts mediated by the reactions between biomolecules and free radicals, such as malondialdehyde, 3-nitrotyrosine, and 8-hydroxy-2 -deoxyguanosine, were observed with various pathological phenomena, such as acute renal failure and hemodialysis [1] [2] [3] [4] . Inhibitors of free radicals and antioxidants have also been shown to protect against renal damage in a number of studies [5] .
Green tea polyphenols have been shown to act as metal chelators, preventing the metal-catalyzed formation of radical species, antioxidant enzyme modulators, and scavengers of free radicals, including the hydroxyl radical (•OH), superoxide anion (O 2 − ), nitric oxide (NO), and peroxynitrite (ONOO − ) [6] [7] [8] [9] [10] [11] [12] . These antioxidant activities are considered to be closely related to their protective effects against various diseases, including renal disease, arteriosclerosis, cancer, and inflammation caused by lipid peroxidation and excessive free radical production [13] . The polyphenolic compounds of green tea mainly comprise (−)-epigallocatechin 3-O-gallate, (−)-epicatechin 3-Ogallate, (−)-epigallocatechin, and (−)-epicatechin, which are classified as the flavan-3-ol class of flavonoids. This paper gives a review of our recent findings [14] [15] [16] , with emphasis on the therapeutic potential of the polyphenols of green tea in a useful experimental model of renal damage.
(−)-Epicatechin 3-O -gallate and ONOO − -Mediated Renal Damage
Evidence for the role of reactive oxygen and nitrogen metabolites in the pathogenesis of renal diseases has accumulated, and ONOO − formed in vivo from O 2 − and NO has been suggested to be an important causative agent in the pathogenesis of cellular damage and renal dysfunction [17, 18] . The pathological effects of ONOO − and its decomposition product, •OH, contribute to the antioxidant depletion, alterations of the protein structure and function by tyrosine nitration, and oxidative damage observed in human diseases and animal models of diseases [19] [20] [21] [22] [23] .
The protective effect of (−)-epicatechin 3-O-gallate against ONOO − -mediated damage was examined using an animal model and cell culture system. This study was also carried out to elucidate whether the effect of (−)-epicatechin 3-O-gallate is distinct from that of several well-known free radical inhibitors, the ONOO − inhibitors ebselen and uric acid, O 2 − scavenger copper zinc superoxide dismutase (CuZnSOD), and the selective inducible NO synthase (iNOS) inhibitor l-N 6 -(1-iminoethyl)lysine hydrochloride. To generate ONOO − , male Wistar rats (10-week-old, male) were subjected to ischemia-reperfusion (occlusion of the renal artery and vein with clamps) together with lipopolysaccharide (LPS) injection.
In this study, the significant stimulation of NO and O 2 − generation in response to the LPS injection plus ischemiareperfusion process declined markedly after treatment with l-N 6 -(1-iminoethyl)lysine hydrochloride and CuZnSOD, respectively (Table 1) . (−)-Epicatechin 3-O-gallate, however, did not reverse the elevations in the plasma NO and O 2 − levels resulting from LPS plus ischemia-reperfusion. This suggests that (−)-epicatechin 3-O-gallate does not act as a scavenger of the ONOO − precursors NO and O 2 − . In light of these results, we hypothesized that the protective activity of (−)-epicatechin 3-O-gallate against ONOO − could be attributed to the direct scavenging of ONOO − , and so we evaluated the levels of 3-nitrotyrosine and myeloperoxidase (MPO) activity as indicators of ONOO − formation. The LPS plus ischemia-reperfusion process led to elevation of the plasma 3-nitrotyrosine level in rats, suggesting that oxidative damage due to the formation of ONOO − had occurred ( Figure 1 ) and the cellular formation of ONOO − increased by 3-morpholinosydnonimine (SIN-1) treatment ( Figure 2 ). However, (−)-epicatechin 3-O-gallate reduced nitrotyrosine formation markedly in a dose-dependent manner compared with ebselen and CuZnSOD. The activity of (−)-epicatechin 3-O-gallate was comparable with that of l-N 6 -(1-iminoethyl)lysine hydrochloride, although (−)-epicatechin 3-O-gallate did not scavenge NO ( Figure 1 and Table 1 ). The magnitudes of the significant elevations of ONOO − production in the cellular system were decreased mechanism distinct from that of l-N 6 -(1-iminoethyl)lysine hydrochloride, which actually increased MPO activity. In addition, uric acid acted in a similar way to (−)-epicatechin 3-O-gallate as a direct scavenger of ONOO − through the inhibition of 3-nitrotyrosine and MPO activity, and not as a scavenger of ONOO − precursors (Figures 1 and 3 ). The antioxidative defense system was significantly suppressed by the excessive increase of ONOO − resulting from the LPS plus ischemia-reperfusion process. The administration of (−)-epicatechin 3-O-gallate resulted in concentration-dependent elevations of the activities of the antioxidative enzymes, SOD, catalase, and glutathione peroxidase (GSH-Px), and the cellular antioxidant reduced glutathione (GSH) ( Tables 2 and 3 ). Furthermore, the excessive ONOO − increased lipid peroxidation of renal mitochondria (Table 3) , and we confirmed the mitochondrial oxidative damage caused by ONOO − . In contrast, the administration of (−)-epicatechin 3-O-gallate reduced the magnitude of the lipid peroxidation level elevation caused by the experimental process (Table 3) .
Since ONOO − decomposes to form a strong and reactive oxidant, •OH, the effects of free radical scavengers and (−)-epicatechin 3-O-gallate on •OH also have to be evaluated to compare their protective actions against ONOO − . In this study, we used the spin-trap method to determine the level of •OH in rat renal tissue formed by the Fenton reaction, and found that the magnitude of the increase in the height of the DMPO-OH peak of rats that underwent LPS plus ischemia-reperfusion was reduced by treatment with (−)-epicatechin 3-O-gallate, CuZnSOD, and l-N 6 -(1-iminoethyl)lysine hydrochloride (Table 4 ). These findings indicate that the effect of (−)-epicatechin 3-O-gallate on the highly reactive radical •OH plays a crucial role in its protective action against ONOO − -induced oxidative damage. Furthermore, the effects of (−)-epicatechin 3-O-gallate on ONOO − and •OH were stronger than those of the other well-known free radical inhibitors tested, which can also be regarded as a mechanism distinct from that of the others.
The LPS plus ischemia-reperfusion process resulted in a significant elevation of the uric acid level, indicating that a pathological condition in the kidney had developed (Table 5) . However, the administration of (−)-epicatechin 3-O-gallate reduced the uric acid level, while the other free radical inhibitors did not (Table 5 ). This effect of (−)-epicatechin 3-O-gallate on excessive uric acid levels is also considered to be a property distinct from the other free radical scavengers. The renal function parameters of serum urea nitrogen and creatinine (Cr) levels were elevated markedly by LPS plus ischemia-reperfusion, while the administration of (−)-epicatechin 3-O-gallate reduced these levels significantly, indicating the amelioration of renal dysfunction by (−)-epicatechin 3-O-gallate. In addition, uric acid and l-N 6 -(1-iminoethyl)lysine hydrochloride protected against renal dysfunction induced by this process, although their activity was relatively low compared with (−)-epicatechin 3-O-gallate. Our results in rats showed that the LPS plus ischemiareperfusion process led to proteinuria, demonstrated by the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) pattern with an abundance of low-and highmolecular-weight proteins relative to the marker albumin (76 kDa) (Figure 4 ). The administration of (−)-epicatechin 3-O-gallate and l-N 6 -(1-iminoethyl)lysine hydrochloride reduced the intensity of the low-and high-molecular-weight protein bands to a greater extent than the other radical inhibitors, which suggests that (−)-epicatechin 3-O-gallate would ameliorate proteinuria due to renal failure caused by ONOO − -induced oxidative damage. In the LPS plus ischemia-reperfusion rat model, (−)-epicatechin 3-O-gallate, l-N 6 -(1-iminoethyl)lysine hydrochloride, and uric acid showed a strong protective effect against ONOO − -induced oxidative damage, while CuZn-SOD and ebselen exerted relatively low activity. In light of the results of this study, we suggest that the activity of (−)-epicatechin 3-O-gallate is distinct from that of the other free radical inhibitors, especially l-N 6 -(1-iminoethyl)lysine hydrochloride and uric acid. 
(−)-Epigallocatechin 3-O -Gallate and
Adenine-Induced Renal Failure Figure 4 : Effect of (−)-epicatechin 3-O-gallate and free radical inhibitors on SDS-PAGE pattern of proteinuria in rats. 1, marker; 2, sham operation; 3, LPS plus ischemia-reperfusion; 4, LPS plus ischemia-reperfusion after ebselen (5 mg/kg body weight); 5, LPS plus ischemia-reperfusion after uric acid (62.5 mg/kg body weight); 6, LPS plus ischemia-reperfusion after CuZnSOD (10,000 U/kg body weight); 7, LPS plus ischemia-reperfusion after l-N 6 -(1-iminoethyl)lysine hydrochloride (3 mg/kg body weight); 8, LPS plus ischemia-reperfusion after (−)-epicatechin 3-O-gallate (20 mg/kg body weight); 9, LPS plus ischemia-reperfusion after (−)-epicatechin 3-O-gallate (10 mg/kg body weight). Markers (kDa): 107, phosphorylase B; 76, bovine serum albumin; 52, ovalbumin; 37, carbonic anhydrase; 27, soybean trypsin inhibitor.
in rats with chronic renal failure after intraperitoneal Cr injection. In 10-week-old male normal rats, Cr was rapidly excreted into the urine after Cr loading, whereas, in age-matched rats with renal failure, urinary Cr excretion was low, and high levels of Cr were present in the serum, muscle, kidney, and liver, suggesting that the body was susceptible to oxidative alterations ( Figure 5 ). After Cr loading, the MG levels in the serum, urine, muscle, liver, and kidney of rats with renal failure were higher than those of normal rats, confirming that MG production from Cr was increased in rats with renal failure (Figure 6 ). The oral administration of (−)-epigallocatechin 3-O-gallate dosedependently reduced the serum MG levels, showing that (−)-epigallocatechin 3-O-gallate effectively inhibited increased MG production in which oxidative reactions markedly participate. (−)-Epigallocatechin 3-O-gallate (20 mg/kg body weight) reduced the urinary and kidney MG levels, which were reduced further and significantly in the 100 and 500 mg treated groups. In the muscle and liver, a significant reduction was only observed in the high dose-treated group (500 mg) ( Figure 6 ).
We have already demonstrated that green tea polyphenols (daily dose, 400 mg) administered for 6 months to 50 patients on dialysis decreased the blood levels of MG [26] , and that concomitant treatment with green tea polyphenols during 25-day adenine-feeding periods produced a dose-dependent decrease in the serum MG level [27] . Furthermore, we reported that concomitant treatment with green tea polyphenols had protective effects against the increased serum Cr and urinary protein levels and the decreased creatinine clearance (Ccr) [7, 28] , indicating that green tea polyphenols can delay deterioration of the renal function. Taking the evidence from previous and present studies into consideration, we propose that green tea polyphenols exert an MGlowering effect in dialysis patients and rats with adenineinduced renal failure through, at least in part, two actions: the improvement of renal dysfunction, and inhibition of MG production from Cr due to their ability to scavenge 
(−)-Epigallocatechin 3-O -gallate and Diabetic Nephropathy
The pathogenesis of diabetic nephropathy has been extensively discussed for many years, and it has been accepted that oxidative stress is closely involved as a causative factor stemming from persistent hyperglycemia [29, 30] . Within the diabetic kidney, glucose-dependent pathways such as increasing oxidative stress, polyol formation, and advanced glycation endproduct (AGE) accumulation, are activated.
To evaluate the effect of (−)-epigallocatechin 3-O-gallate as a representative polyphenol on diabetic nephropathy, rats (10-week-old, male) with subtotal nephrectomy plus streptozotocin injection were orally administered (−)-epigallocatechin 3-O-gallate at doses of 25, 50, and 100 mg/kg body weight/day for 50 days.
Hyperglycemia is the principle factor responsible for structural alterations at the renal level, and The Diabetes Control and Complications Trial Research Group [31] has elucidated that hyperglycemia is directly linked to diabetic microvascular complications, particularly in the kidney; therefore, glycemic control remains the main target of therapy. In this study, the glucose level of diabetic nephropathy rats showed a significant approximately 3-fold increase; however, (−)-epigallocatechin 3-O-gallate inhibited this increase dose-dependently (Table 6 ). In addition, the typical patterns of serum constituents, that is, a decrease in total protein and albumin due to their excessive excretion via urine, and also an increase in lipids, for example, total cholesterol and triglycerides, whose abnormal metabolism has been proven to play a role in the pathogenesis of diabetic nephropathy [32] and to enhance lipid peroxidation, were all improved by the administration of (−)-epigallocatechin 3-O-gallate (Table 6 ). Therefore, we suggest that (−)-epigallocatechin 3-O-gallate had a positive effect on serum glucose and lipid metabolic abnormalities.
The results of the study presented here demonstrate that diabetic nephropathy rats showed significant increases in the serum urea nitrogen, Cr, and urinary protein excretion rate, whereas the Ccr level showed a significant decrease compared with normal rats, representing a decline in the renal function (Table 7) . However, the (−)-epigallocatechin 3-O-gallate treatment positively affected these parameters, especially in the group given 100 mg ( Table 7) . For further investigation, we performed pattern analysis of proteinuria using SDS-PAGE, and the (−)-epigallocatechin 3-O-gallate treatment led to a clear decrease at all parts of the molecule (Figure 7 ). These data suggest that not only the improvement of proteinuria, but also its individual fractions, may, at least in part, ameliorate the development of glomerular and tubulointerstitial injury.
In the state of diabetic nephropathy, there is increased glomerular basement membrane thickening and mesangial extracellular matrix (ECM) deposition, followed by mesangial hypertrophy and diffuse and nodular glomerular sclerosis, and these structural changes may be directly influenced by AGEs through excessive cross-linking of the matrix molecules in a receptor-independent way [33, 34] .
In this study, we demonstrated that renal AGE accumulation observed in diabetic nephropathy rats was decreased by (−)-epigallocatechin 3-O-gallate administration, although (−)-epigallocatechin 3-O-gallate showed only a slight tendency to reduce renal receptor for advanced glycation endproduct (RAGE) expression in diabetic nephropathy rats (Figure 8 ). However, a marked antioxidative activity of renal tissue was shown in the level of lipid peroxidation at 50 and 100 mg doses of (−)-epigallocatechin 3-O-gallate, resembling the results of iNOS, cyclooxygenase (COX)-2, nuclear factor-κB (NF-κB), and phosphorylated inhibitor binding protein κB-α (IκB-α) (Figure 9 ), and the fibrogenic cytokine transforming growth factor (TGF)-β 1 and fibronectin protein expression in the renal cortex (Figure 8 ). Moreover, diabetic nephropathy rats used in the present study showed significant glomerular hypertrophy and diffuse and exudative lesions. Longitudinal hyperfiltration is associated with renal enlargement such as an increase in the glomerular size, and diffuse lesion development is dependent on increased mesangial matrix and glomerular basement membrane thickening, because both are composed of ECM molecules, as in the case of the TGF-β system, and they also correlate with proteinuria. The other phenomenon, the exudative lesion called the capsular drop and fibrin cap, is suggested to consist of plasma components such as IgM, fibrinogen, and AGEs. According to the results of histopathological evaluation, although diabetic nephropathy rats showed a 2.2-fold increase in the glomerular area, mild but significant increases in diffuse and exudative lesions, and a slight increase in the mesangial matrix, (−)-epigallocatechin 3-O-gallate could affect glomerular hypertrophy and these lesions at 50 and 100 mg doses, reflecting the effects of AGEs, TGF-β 1 , and fibronectin levels (Figures 8 and 10 ). Hence, we may hypothesize that (−)-epigallocatechin 3-O-gallate could be advantageous against diabetic kidney damage, which correlates with AGEs with or without a receptor-dependent pathway and their related inflammatory responses, and then (−)-epigallocatechin 3-O-gallate subsequently suppresses the induction of mesangial hypertrophy and fibronectin synthesis in diabetic nephropathy.
Our observations presented here suggest that (−)-epigallocatechin 3-O-gallate has a beneficial effect on diabetic nephropathy via suppressing hyperglycemia, AGEs, their related oxidative stress and cytokine activations, and also pathological states due to its synergistic effect. This study may provide original and strong supporting evidence for the efficacy of (−)-epigallocatechin 3-O-gallate in the early stage of diabetic nephropathy, suggesting that it would be a superior aid for the management of patients with diabetic nephropathy.
Conclusion and Future Prospects
Much attention regarding green tea's benefits has been focused on the role of antioxidant activity in relation to the aging process and degenerative diseases like cancer, cardiovascular disease, and diabetes. This paper shows that, based on antioxidant activity, green tea polyphenols and their constituents exert protective effects on renal damage caused by various toxic situations such as an excessive arginine supply, strong oxidative radicals, renal toxin, diabetic nephropathy, and type 2 diabetes. Therefore, we expect that green tea polyphenols have the potential to prevent organ failure and, in particular, provide a promising therapeutic approach to renal disorders. As green tea is already one of the most popular beverages worldwide, its role should be understandably elucidated in the direct and indirect prevention of chronic diseases. In order to explain the potential mechanisms of green tea polyphenols for protection against organ damage concomitant with chronic disease, additional research is needed on the pharmacokinetics of tea constituents as well as exploration at the cellular level. Furthermore, well-designed observational epidemiological studies and intervention trials will generate clear and safe conclusions concerning the protective effects of tea.
